We investigated the effects of rare earth elements on enzyme production and secondary metabolism in Bacillus subtilis. Addition of scandium to the growth medium stimulated the production of both amylase and bacilysin at the transcriptional level, thus showing scandium to have a remarkable impact in B. subtilis.
The rare earth elements (REEs) are 17 elements consisting of scandium, yttrium, and the 15 lanthanides. Although these elements have been widely used in industry, there have been few reports regarding their significance in biology. Previously, we reported that REEs, especially scandium, enhance antibiotic production in several Streptomyces species (7, 10) . These results suggest that REEs are useful for activate bacterial capabilities.
The Gram-positive model bacterium Bacillus subtilis produces not only commercially important extracellular enzymes, such as amylase and protease, but also a variety of antibiotics. To investigate the effects of REEs in B. subtilis, we first examined whether REEs stimulate amylase production. B. subtilis strain 168 (trpC2) was cultivated at 30°C for 48 h in NG medium (9) with or without each REE. All REEs except promethium (all chloride salts; purchased from Wako Pure Chemical) were employed in this study. Amylase activity was measured using the method of Fuwa (2) with slight modifications. Samples of 50 l were mixed with 0.1 ml of soluble starch solution (50 mM Tris-HCl [pH 6.8], 0.5% soluble starch) and incubated at 40°C. A 4-l volume of the reaction mixture was added to 0.1 ml of Lugol solution (MP Biomedicals LLC), and the absorbance at 700 nm (A 700 ) was then measured. Specific activity was expressed as (A blank Ϫ A sample ) ⅐ A blank Ϫ1 ⅐ t Ϫ1 ⅐ 100, where t indicates the time (min) of the reaction and A blank and A sample refer to the A 700 values of the blank (water) and the sample, respectively. Strikingly, B. subtilis amylase production was markedly stimulated by adding scandium chloride to the medium (Fig. 1) . When scandium was added to the medium at a concentration of 10 or 20 g/ml (38.5 or 77 M, respectively), the amylase activity reached the maximum level (approximately 3.5-fold higher than that in scandium-free medium). At higher concentrations (Ͼ50 g/ml), scandium inhibited the growth of B. subtilis, resulting in a decrease in amylase production (data not shown). Other REEs appeared to have no significant effect on amylase production in B. subtilis, although lutetium had a slight stimulatory effect (Fig. 1) . Therefore, we further analyzed the effects of scandium on amylase production. Time course analysis indicated the stimulation of amylase production from 40 h onwards ( Fig. 2A) . Similar results were observed even when scandium was added at different time points (12 and 24 h after the start of cultivation) (data not shown). In addition, scandium had no effect on amylase activity per se (data not shown). These results suggest that cell response is necessary to exert the stimulatory effect.
We next examined whether scandium can also stimulate protease and antibiotic production. Protease activity was measured by a method similar to that described by Geele et al. (3) . The culture supernatants (20 l) obtained after centrifugation were mixed with reaction buffer consisting of 1.25% azocasein, 2 mM CaC1 2 , and 50 mM Tris-HCl (pH 7.5) and incubated at 37°C for 20 min. Reactions were then stopped by adding 0.2 ml of 10% trichloroacetic acid. After centrifugation, the absorbance at 335 nm (A 335 ) of the supernatant fraction was measured. Specific activity was expressed as (A sample Ϫ A blank ) ⅐ t Ϫ1 ⅐ 100, where t indicates the time of reaction and A blank and A sample refer to the A 335 values of the blank (water) and the sample, respectively. Antibiotic activity was determined by a paper disk-agar diffusion assay as described previously (5) . Staphylococcus aureus 209P was used as the test organism. The results indicated that scandium had a slight stimulatory effect on protease production at late stationary phase (Fig. 2B ). The effect of scandium was more pronounced on antibiotic than on protease production (Fig. 2C ). In the scandium-free medium, antibiotic production reached the maximum level at 20 h and decreased abruptly during late stationary phase. In contrast, in the presence of scandium, antibiotic production continued during late stationary phase. B. subtilis is known to produce the dipeptide antibiotic bacilysin (11) . As no antibiotic activity was detected in the culture broth of a mutant lacking bacilysin synthetase (alanine-anticapsin ligase) activity (data not shown), it was concluded that scandium stimulated bacilysin production in late stationary phase.
To examine whether the observed effects of scandium were exerted at the transcription level, we analyzed the gene expression of amylase (amyE), alkaline protease (aprE), neutral protease (nprE), bacilysin (ywfB, which is the first gene of the bacilysin biosynthetic operon) (4), and the other antibiotic neotrehalosadiamine (ntdA, which is the first gene of the neotrehalosadiamine biosynthetic operon) (5) by reverse transcription quantitative PCR (RT-qPCR) analysis. The oligonucleotides used for RT-qPCR analysis are listed in Table 1 . In cells in early stationary phase (24 h of cultivation), no significant increases in gene expression were observed (data not shown). In contrast, in cells at late stationary phase (48 h of cultivation), the relative expression levels of amyE and ywfB in cells grown in scandium-supplemented medium were approximately 2-fold higher than those in cells grown in scandium-free medium (Fig. 3 ). Scandium had no or only a slight effect on aprE, nprE, and ntdA expression, in agreement with the results from the production experiments.
For further investigation, we monitored the effect of scandium on the promoter activity using the lacZ reporter gene. The ywfB reporter strain TI351 [trpC2 amyE::(P ywfB -lacZ cat)], carrying the ywfB promoter (192 bp) fused to the lacZ gene at the amyE locus, was constructed previously (6) . To construct the amyE reporter strain, the upstream promoter region of amyE (413 bp) was amplified by PCR with the primer pair comprising PamyE-F (5Ј-GGTAGTGGTGCTT ACGATG-3Ј) and PamyE-R (5Ј-TCTTGACACTCCTTAT TTGATTT-3Ј). The amplified fragment was cloned into pCR2.1 (Invitrogen). The EcoRI fragment containing the upstream region of amyE was inserted into the EcoRI site of pDL2 (1). The resulting plasmid, pDL2-P amyE , was linearized with PstI and inserted into the amyE locus of the B. subtilis 168 chromosome, with selection for chloramphenicol   FIG. 1 . Effects of REEs on B. subtilis amylase production. B. subtilis strain 168 was cultivated at 30°C for 48 h in NG medium with or without each REE (chloride salt) added at a concentration of 5 (light gray thick bars), 10 (gray thick bars), or 20 (black thick bars) g/ml. The culture supernatants obtained after centrifugation were used for the amylase assay. Relative amylase activity was calculated by dividing the activity obtained when cells were grown in REEsupplemented medium by that obtained when cells were grown in the control medium (no addition of REE). The average values for three independent experiments are shown. Error bars represent the standard deviations. Asterisks denote significant differences (P Ͻ 0.05). Abbreviations: Sc, scandium; Y, yttrium; La, lanthanum; Ce, cerium; Pr, praseodymium; Nd, neodymium; Sm, samarium; Eu, europium; Gd, gadolinium; Tb, terbium; Dy, dysprosium; Ho, holmium; Er, erbium; Tm, thulium; Yb, ytterbium; Lu, lutetium. resistance. The strain thus generated was designated TI416 [trpC2 amyE::(P amyE -lacZ cat)]. These reporter strains, TI351 and TI416, were grown in NG medium with or without scandium at a concentration of 10 g/ml. As expected, the addition of scandium into the growth medium resulted in elevated expression of P amyE -lacZ and P ywfB -lacZ during late stationary phase (48 h and 72 h) but not early stationary phase (16 h and 24 h) (Fig. 4) . The amyE promoter in cells grown in the presence of scandium was apparently activated in late stationary phase (48 h and 72 h), whereas it reached the maximum level at 24 h in the scandium-free medium (Fig. 4A) . On the other hand, in the presence of scandium, the expression of P ywfB -lacZ appeared to be sustained at higher levels for a significantly longer period, resulting in higher levels of expression of P ywfB -lacZ in late stationary phase (Fig. 4B ). Thus, scandium had a remarkable impact on the expression of these genes during late stationary phase in B. subtilis.
In the present study, we demonstrated that scandium has a significant effect on amylase and bacilysin production in B. subtilis. Taken together with previous reports (7, 10) , these results indicate that scandium may be a valuable reagent as a component of bacterial growth medium in the biotechnology industry. Scandium has the lowest atomic weight (44.96) among the 17 REEs, and its chemical property resembles that of aluminum. These characteristics may be related, more or less, to the enigmatic results found in this study.
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FIG. 3.
Effects of scandium on the transcription of various genes. B. subtilis strain 168 was cultivated at 30°C for 48 h in NG medium with or without scandium chloride at a concentration of 10 g/ml. Total RNAs were extracted and used for RT-qPCR analysis. The levels of amyE, aprE, nprE, ywfB, and ntdA transcription were normalized relative to the amount of 16S rRNA in each RNA sample. The relative expression of each gene was calculated by dividing the relative amount of each mRNA in cells grown in scandium-supplemented medium by that in cells grown in scandium-free medium. The average values (with standard deviations) for three independent experiments are shown. The asterisks denote significant differences (P Ͻ 0.05).
FIG. 4.
Effects of scandium on the expression of P amyE -lacZ and P ywfB -lacZ. Strains TI416 [amyE::(P amyE -lacZ cat)] (A) and TI351 [amyE::(P ywfB -lacZ cat)] (B) were grown in NG medium without (white thick bars) or with (gray thick bars) scandium chloride at a concentration of 10 g/ml. Culture samples were withdrawn at the indicated time points, and ␤-galactosidase activity was determined as described previously (8) . The average values (with standard deviations) for three independent experiments are shown. The asterisks denote significant differences (P Ͻ 0.05).
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